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INTRODUCTION 


bionrnr 11 ^ ^ that has plagued ™icrogravity materials processing and 

©processing experiments for a very long time is the formation of undesired bubbles 

bubble Pr<>CedUreS mV ° 1Vm f hqUld transfer a nd mixing. It is conjectured that often 
bubble appearance is not due to simple mechanism leakage or lack of proper liquid 

number^ Z * a phen ° menon associated with microgravity environment. In a 

in 1 I t f n P ° d r d T tS ; ll<1Uld handling operations performed on flight hardware 
n 1-g result m no bubble formation, while bubbles were observed when the same 
operations were performed in microgravity. 

As an example in the recent USML-1 shuttle mission a number of fluid experi- 
ments were adversely affected by unexpected and unexplained bubble formation The 
Nucleatmn of Crystals from Solution (NCS) experiment experienced bubble formation 
m its solution reservoir which greatly interfered with the transfer of solution to the 
nucleation chamber both by agglomorating in the transfer line and by forming voids 

of t fill 1 C ft er - ^ t0 W b6en tL end 

of the fifl lme, and sufficient number of bubbles were present in the cell to prevent 

lation of nucleation on the first experiment run. An exceptional effort was required 
by the crew to accomplish a successful second run. 4 

The Onset of Oscillatory Thermocapillary Flow Experiment (OTFE) also had 
problems with bubbles that were formed in the bottom of the heated liquid chamber 
However, m this case the bubbles only interfered with the observations of the flow 
patterns and did not affect the experiment itself. 

In the Protein Crystal Growth Glovebox (PCGG) experiment unexplained bubble 
formation was observed while extruding solutions from syringes and filling syringes for 
the experiments During filling process, these bubbles appeared on the walls of initially 
dry syringes and were removed by manually centrifuging the syringes. This procedure 
wasted valuable time. During extrusion of solutions from syringes, bubbles appeared 
at the exits of the syringes. They were suppressed by greatly slowing the extrusion rate 
, which again wasted valuable time. This problem was especially serious during the 
solution mixing process required to initiate crystal nucleation due to the excessive time 
required to perform the procedure slow enough to avoid bubble formation. In another 
instance bubbles were observed to form during stirring of PCG solution in a polysulfone 
container with a needle. When the needle tip accidentally scrapped the surface of the 
container small bubbles were observed. However, upon repeating the same procedure 
m terrestrial conditions no bubbles were observed. 


, n a tbe USML-1 examples cited above, bubbles appeared to be associated with 
the flow of liquids in tubes or through orifices, and occurred in of preflight degassing 
procedures. The specific examples were discussed in post-flight crew debriefing and 
subsequent personal communications. It is abundantly clear from these examples that 
formation of undesired bubbles can arise unexpectedly and with great frequency when 
transferring liquids in microgravity environment. 
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PROBLEM DEFINITION 


The basic difficulties encountered with bubble formation during the low gravity 
xpenments described above are due to the lack of specific procedure! for dealing with 

Mqu.d?oWten^frr ’ “ y , bubbIe generated during fim “« of an empty container with a 
hqmd solution in terrestrial environment will eventually migrate to the top of the liquid 

where wll finally break the liquid/gas surface. In this instance buoyancy force works 

neeTwdootd S? b "! k r ™ ns bubbIe Thus no special considerations 
need be adopted in this case to inhibit bubble generation during the filling procedure 

n low gravity environment on the other hand, any bubble formed during filling wifi 

ZXlsX WlUUn ^ “* ‘ hUS efperimenW 

of V„ i ^ uch a res P onse of the b “M>les is typically due to the absence or dimunition 
of gravity induced buoyancy force. It is clear that the liquid transfer procedures involved 
m the experiments descnbed above will have to be modified when performed in low 
g vity environment in order to ensure that bubbles are not formed. 

Once bubbles are generated within a liquid host their subsequent development and 

Mydue o W the raV b‘ y “Trr C “ n0t be eMily predicted - This diffi ™% is «■«- 
thir d n h ° f he buoyanc y force in such an environment. Furthermore 

of p^teTnc^SJ ? be ex P loited for Meeting liquid/gas separation in most 
ot protein crystal growth processes due to the absence of the necessary temperature 

gradients in the liquid solutions. Thus the most desirable option for dealing with bub- 

,i “ * blS Case 1S to P rey ent their formation in the first place. In order to ensure 

Such Ubbl ? aie n °! . gen f ated re< l uires developing special liquid handling procedures 

destns mV ° 1Ve b ° th ^ fluid pr ° t0C0ls as wel1 as container 

Gas bubbles are formed within liquid bulks in either one of two ways. Either by 
gas entrainment into the liquid through the gas/liquid free surface or by nucleation and 
diffusion of the dissolved gases within the liquid bulk. Bubbles may be formed by gas 
w enever a free gas/liquid interface is broken such as might happen when developed 
waves on the interface are amplified and subsequently broken. This may occur during 
mg of an empty container with liquid from a supply tank. Bubbles can also develop 
y nucleation from a vapor pocket seed through either homogenous or heterogeneous 
nucleation. In the homogeneous nucleation case the vapor seed is formed due to ran- 
dom molecular action within the liquid under the proper thermodynamic conditions. 
Homogeneous nucleation may occur whenever the pressure within the liquid falls below 
he vapor pressure or the temperature rises above the saturation temperature. Hetero- 
geneous nucleation is usually initiated by trapped gas pockets in crevices at solid walls 
which are m contact with the bulk liquid. 

w hen transferring liquid to an empty container under adiabatic conditions and 
without large variations in pressure, bubbles are most likely formed by entraining gas 
rough the liquid/gas interface. It is necessary in this case to keep the fro.’ surface 
stable and free from waves during the filling process. These requirements may be 
accomplished by optimizing the liquid injection rate, as well as by the proper design of 
the inlet nozzle and the geometry of the receiving container. 


III-2 



When using a syringe to transfer liquids, either through injecting liquid into a host 

ne U l° r I 7 ,thdrawin S *** from a bulk, bubbles may be forme] through hom^ 
neous or heterogeneous nucleation processes. In the injection case a cavitation bubble 

may form m the vrcmrty of the needle tip where the pressure conditions are extreme 
crevices may be present m the external or internal walls of the needle. In the 

Xtl^bT aAabat ' C eXpMlsion within the s y™g« Pfr‘on could reduce the 
p essure we 1 below the vapor pressure and thus allow bubbles to form. In addition 

since the volume of some of the liquid bulks is small, the possibility could exist for the 
needle to break the liquid bulk surface allowing gas to be entrained into the syringe 
This is possible in low gravity environment since the liquid bulk inside the vessel may 
not always be m contact with the vessel wall. 


APPROACH 

•, a In OI f 6r to understand the fundamental physics in bubble formation in micrograv- 
conditos So e fl Pe ” mentS W ? re de / i S ned to stu dy this phenomenon under controlled 

NASA KC 135 Sof ^ f T teSt % Were deSigned to be P erformed onboard the 
bnbhl f C 3 + 5 ? ane f ° r . the pUrpose of understanding the conditions that lead to 

bble formation during microgravity liquid transfer. The KC-135 airplane provides 
approximately 40 parabola each of 30 seconds duration with a gravity level of 10~ 2 o 0 
per flight day. Normally, 4 days are available for testing during a flight campaign. 

o T + he firS r f lght “ . this eff ° rt to ° k place on March 14 - 18 > 1994. In that flight 
water wfth PE^ ST* Were performed - In the first set of experiments 

r^il EG 7 ^ mJe d ’ ^ Vari ° US fl ° W rat6S ’ throu S h different ^edle 

diameters into a group of empty containers configured to duplicate the NCS experiment 
hat was carried onboard USML-1. The purpose of these tests is to investigate bubble 
formation due to breakdown of the liquid/gas interface as the test cell is being filled 
wi iqui In the second set water with PEG solution was injected into liquid filled 
container of unique design to investigate cavitation phenomenon for submerged jets. 

i erent needle sizes were used in these tests as well as different flow rates. In third 
se a num er of ’’scratch tests” were performed by scrapping a needle with a sharp 
tip over various plastic surfaces that were submerged in water or PCG type solutions. 
These tests were intended to duplicate specific incidents reported to occur during the 

All of the test chambers were constructed from transparent material such as plexi- 
glass m order to allow for visual recording of the fluid motion within the test cells. High 
speed motion picture cameras were used to record all of the tests. In addition, both 
emperature and pressure data were collected for the submerged jet cavitation tests 
Two pressure transducers were used in that test, one located at the entrai,,-.- to the 
jet inlet line, and another at the inner wall of the chamber to record the bwkm-.. U nd 
pressure. For each experiment a sequence of individual tests were designed an. I lit ted 
within a test matrix. All of the items in the test matrices for these experiments were 
successfully conducted during the four flight of the campaign. All of the movie record- 
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ings were performed at at a speed of 400 frames per second to allow for reasonable 
resolution of the events, fifteen rolls of films were used during that flight. The analysis 

o e films was conducted at 30 frames per second which was recorded on video tapes 
tor convenience. 1 

T1 ! e N( ?. S fil ! mg tests yielded the most dramatic images. For the high inflow rates 
the exiting liquid was seen to spread along two paths. One path is along the floor of 

he cel m the form of a very thick liquid film with a front advancing radially from 

the S "TV! T ^ ° f thG HqUid " al ° ng the tw ° Side ^ls adjacent to 
the exit nozz e (the exit nozzle m all of these tests was located at the bottom corner 

of the test cell) In this case the liquid took the configuration of growing drops along 

e cell sidewall. Also the liquid was observed to climb along the inlet tube in the 

took C °T and T ad al ° n f the tOP Surface - Eventuall y ? the liquid for these tests 
k a shape similar to an hourglass form. Needless to say that for such a complex 

ofTubb^T fl qmd engUlfed a large nUmber ° f bubbles and fin ally was full 
f bubbles^ In the low flow rate tests as the liquid exited the nozzle it took a spherical 

form which expanded outwards in the radial direction. The spherical shape become 

more symmetrical with decrease in the flow rate. A spherical shape for the liquid/gas 

f ° r Zer ° The nUmber ° f engulfed bubb ^ es J n all 

ot these tests decreased with decrease in the flow rate. 

The submerged jet cavitation tests did not show any bubbles forming at the jet exit 

exit sneTJ 113 “f* ^ hardware desi S n criteria, i.e. jet diameter and jet 

speed were well below the critical values for cavitation to take place. These tests 

ere repeated m the second flight campaign in which the jet conditions were brought 
closer to the critical values. 6 

b KW aref k 1 ana i y ? ° f th< ; SCTatch tests haVe lead to the conclusion that the the gas 
bubbles observed during the shuttle experiments must have been entrained through 

the gas/hquid free surface with the assistance of the needle. This conclusion was made 
after the films were slowed down to 6 frames per second and then down to a single 
rame observations. In other words, the entrainment mechanism occurred extremely 
fast, bmgle frame analysis shows very clearly that a fast oscillation of the needle tend to 
engulf gas from the downstream side of the needle at the liquid/gas interface and then 
down into the liquid bulk along the needle axis. The gas is initially entrained in the 
orm of a cloud surrounding the submerged portion of the needle which subsequently 
reaks up into bubbles. The bubbles will then spread throughout the liquid bulk along 
he motion streamlines of the liquid. There are two characteristic feature of these tests 
one is that there exists a lower limit of the needle oscillation speed below which gas is 
not entrained. The other feature is the speed with which gas is entrained, the gas cloud 
appears in single frame advance indicating that it occurs in under 2.5 milliseconds. 

These tests are far from being complete and further experiments are planned in 
order to advance the tests to the point of establishing a final conclusion on bubble 
formation in microgravity fluid handling processes. Also the results from all the tests 
will indicate the optimum design criteria for microgravity hardware for liquid handling. 


-» m 
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CONCLUSIONS 

, « ^KC-ISB flight campaigns have been conducted to date which hare specifically 
edicated to -study 'bubble formation in microgravity. The first flight was conducted 
urmg March 14-18, 1994; and the other during June 20-24, 1994. The results from the 
June 1994 flight have not been analyzed yet, while the results from the March flight 

have been partially analyzed. Thus the conclusions detailed in here are based on the 
results from first flight. 

In the first flight three different experiments were performed, one with the spe- 
cific aim at determining whether or not cavitation can take place during any of the 
fluid handling procedures adopted in the shuttle bioprocessing experiments. The other 
experiments were concerned with duplicating some of the procedures that resulted in 
ubble formation namely the NCS filling procedure and the needle scratch of a solid 
surface. The results from this set of experiments suggest that cavitation did not take 

aW t d Tn? ^ ° f the flm j handling pr0cedures ‘ The ^sults clearly indicate that 
s a he were generated as result of the breakup of the gas/liquid interface. This 

was convincingly demonstrated in the scratch tests as well as in the liquid fill tests. 
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